All relevant data are within the paper.

Introduction {#sec005}
============

Electrical nerve stimulation is widely used in sport medicine studies to assess the neuromuscular function \[[@pone.0195220.ref001],[@pone.0195220.ref002]\]. This technique provides valuable information about the peripheral (e.g., muscle compound action potential, twitch torque) and neural (e.g., Hoffmann reflex, voluntary activation level) mechanisms that cause changes in motor/muscle activity. It is therefore important to ensure that measures of neuromuscular function are reliable so that differences observed over time may be attributable to changes in physiology, and not random variation.

By applying a stimulus on the posterior tibial nerve (in the popliteal fossa), the Hoffmann reflex (H reflex), which is a short latency electrical analogue of the monosynaptic reflex, can be recorded using electromyography (EMG) on plantar flexor muscles (PF). The H reflex is preceded by another electrophysiological response, the muscle compound action potential (M wave). It is commonly accepted that the ratio between the maximal H reflex (H~max~) and the maximal M wave (M~max~), i.e. H~max~/M~max~, represents the efficiency of spinal transmission from Ia-afferent inputs to α-motoneurons, including both excitation and inhibition activities at the spinal level \[[@pone.0195220.ref003]--[@pone.0195220.ref006]\]. Electrical nerve stimulation is also used to assess the voluntary activation level (VAL) by using the twitch interpolation technique and the twitch contractile properties. The twitch interpolation technique consists of applying a supramaximal electrical nerve stimulation during a maximal voluntary contraction (superimposed stimulation) \[[@pone.0195220.ref007]\]. If the superimposed stimulation induces a torque increase, it means that the participant is not able to fully activate its muscles \[[@pone.0195220.ref008]--[@pone.0195220.ref010]\]. The assessment of the twitch contractile properties consists of applying an electrical stimulation on a relaxed muscle, i.e., at rest \[[@pone.0195220.ref007]\].

The reliability between experimental sessions of PF neuromuscular tests has been previously investigated in the literature for some experimental approaches \[[@pone.0195220.ref011]--[@pone.0195220.ref017]\]. Clark et al. (2007) \[[@pone.0195220.ref011]\] evaluated the reliability of a large number of PF neuromuscular measurements separated by a relatively long duration of time (4 weeks). They observed high to moderate reliability for PF MVC strength, PF maximal EMG activity, VAL, M~max~ and H reflex. The reliability of neuromuscular parameters for PF over a period of two weeks was also reported by Stutzig & Siebert (2016) \[[@pone.0195220.ref017]\]. They revealed that a majority of the collected neuromuscular parameters (28 of 34) had moderate (ICC, 0.61--0.80) and substantial (ICC, 0.81--1.00) reliability, which led to the conclusion that these measurements are sufficiently consistent to be used in interventional studies. Clark et al. (2007) \[[@pone.0195220.ref011]\] and Stutzig & Siebert (2016) \[[@pone.0195220.ref017]\] collected their measurements at a fixed knee and ankle angles, whereas neuromuscular assessments and their reliability during or between experimental sessions may be modified by changes in joint angles \[[@pone.0195220.ref012],[@pone.0195220.ref018]--[@pone.0195220.ref025]\]. Indeed, PF MVC decreases with knee flexion or plantar flexion with no change in muscle activation \[[@pone.0195220.ref018],[@pone.0195220.ref021]--[@pone.0195220.ref024]\], whereas the PF H~max~/M~max~ appears to be lower when the ankle angle is greater than 90° \[[@pone.0195220.ref019],[@pone.0195220.ref020],[@pone.0195220.ref026]\]. It was also reported that the reliability of some neuromuscular assessments of PF (H~max~, M~max~, and H~max~/M~max~) are modified when changing the position of the ankle joint \[[@pone.0195220.ref012]\], suggesting that changes in the muscle length could also influence the reliability of neuromuscular assessments. To our knowledge, a comparison of the reliability of PF neuromuscular tests at different knee angles has never been investigated. The soleus (SOL) muscle only crosses ankle joint (mono-articular), whereas the gastrocnemii cross ankle and knee joints (bi-articular), indicating that a change in the knee angle could influence the reliability of PF neuromuscular tests. Therefore, it is relevant to identify the knee angle that provides the best reliability for neuromuscular assessments.

The purpose of this study was to evaluate and compare the reliability of PF neuromuscular tests during (intra-session) and between (inter-session) experimental sessions at three different knee angles: 0° (fully extended leg), 30° and 90°. To this aim, the PF MVC, VAL, H~max~, M~max~ were measured for the three knee angles (i.e., 0°, 30° and 90°) at three time points (one hour interval between the first two time points and one week interval between the first and the third time points).

Materials and methods {#sec006}
=====================

Participants {#sec007}
------------

The minimum sample size needed for the study was defined prior to the experiment, using the G\*Power software 3.1.9.2 (Franz Faul, University of Kiel, Kiel, Germany). For an expected ''medium" effect size (f = 0.25), a significance level of 0.05, a power (1-β) of 0.9, and a correlation among repeated measures of 0.7, a required sample size of 12 subjects was obtained to compare PF neuromuscular measurements through the experimental conditions and sessions. This sample size was in accordance with the recommendation of Hopkins et al. (2000) \[[@pone.0195220.ref016]\] and with previous neuromuscular reliability studies \[[@pone.0195220.ref012],[@pone.0195220.ref017],[@pone.0195220.ref027]\]. The experiments were performed on twelve healthy young adults (7 males and 5 females, age 22.5±1.2 years, height 172.5±9.7 cm, mass 63.5±9.2 kg, mean±SD) with no history of neurological and/or musculoskeletal disorders. All of the subjects were students and were recruited from the University of Nantes (France). They were volunteered to participate in the experiment and were informed of the nature, aims, risks and discomfort associated with the study before they gave their written consent prior to participation in the investigation. The subjects were not engaged in any strenuous locomotor activity for at least 24 h before the experimental sessions. The protocol of the current investigation was approved by the French National Drugs and Health Administration and by the National Ethics Committee section Nantes Ouest IV (ID: 635/2015) and was in conformity with the Declaration of Helsinki (last modified in 2013).

Experimental protocol {#sec008}
---------------------

The neuromuscular assessments of PF were carried out for 90°, 30° and 0° knee angles and at three time points for each angle: Time 0 (T0 = first measurement), 1 h after T0 (H+1) and 7 days after T0 (D+7) ([Fig 1A](#pone.0195220.g001){ref-type="fig"}); i.e., 6 sessions per subject (2 sessions per angle). The tested angles were randomly administered to the subjects at the same time of day over six consecutive weeks. Thus, the sequences were performed in the following order by one (90°-0°-30°), two (0°-90°-30°, 30°-0°-90°, 30°-90°-0° and 90°-30°-0°) and three participants (0°-30°-90°). For each angle, the subjects were invited to participate in two experimental sessions: the first with tests at T0 and H+1 and the second with tests at D+7. The duration of each session was approximatively 45 min (excluding the subjects' preparation and installation). Approximatively 15 min rest period where the participant sat comfortably in a chair was therefore respected between the first (T0) and the second session (H+1). A recruitment curve of the H reflex and M wave ([Fig 1B](#pone.0195220.g001){ref-type="fig"}) was performed to obtain the H~max~ and M~max~ ([Fig 1C and 1D](#pone.0195220.g001){ref-type="fig"}). After the recruitment curve was completed, the subjects performed a standardized warm-up. Then, the subjects performed two PF MVCs separated with a 3 min rest period. Throughout the subjects' attempts to produce maximal effort, standardized verbal encouragements were given during execution.

![Illustration of the experimental protocol and data analysis.\
(A) represents the experimental protocol with the three knee angles tested. Each knee angle was tested over two consecutive weeks. (B) represents the recruitment curves of the H reflex (grey line) and M wave (black line). (C) represents a typical SOL EMG trace at a stimulation intensity evoking at the H~max~. (D) represents a typical SOL EMG trace at a stimulation intensity evoking at the M~max~. (E) represents the torque and SOL EMG recordings during the MVC. Single spike represents a single stimulus. Double spikes represent paired stimuli (doublet). MVC: maximal voluntary contraction; W: week; GM: gastrocnemius medialis; SOL: soleus; H~max~: maximal Hoffmann reflex; M~max~: maximal motor potential; M~at-Hmax~: motor potential recorded with the H~max~.](pone.0195220.g001){#pone.0195220.g001}

Paired stimuli were delivered during (superimposed doublet) and 3 s after the MVC (potentiated doublet) to investigate PF muscle contractile properties and to assess the VAL using the twitch interpolation technique \[[@pone.0195220.ref009]\] ([Fig 1E](#pone.0195220.g001){ref-type="fig"}).

Data recordings {#sec009}
---------------

### Mechanical recordings {#sec010}

The participants were tested in the seated position with the trunk inclined backward at 20° (0° = vertical). A goniometer was used to set the ankle angle at 90° and the knee angle at 90°, 30° or 0°. Their right foot was secured by two straps to the footplate of a dynamometer (Biodex 3 Pro, Shirley, NY, USA). The centre of rotation of the dynamometer shaft was aligned with the anatomical ankle flexion-extension axis. The subjects were securely stabilized by two crossover shoulder harnesses and a belt across the abdomen. Particular care was taken to monitor the subjects' posture. They had to keep their hands folded on their chest. They were also asked to avoid head rotations during the test in order to maintain constant cortico-vestibular influences on the excitability of the motor pool and to limit afferent feedback from other peripheral receptors, i.e., Golgi tendon organs, or cutaneous and joint afferents \[[@pone.0195220.ref028],[@pone.0195220.ref029]\].

### Electromyography recordings {#sec011}

The subjects' skin was first carefully prepared by shaving, abrading and cleaning with alcohol. Then, bipolar silver chloride (Ag-AgCL) surface electrodes (Kendall Medi-Trace™, Canada) of 1-mm diameter with an inter-electrode distance (centre-to-centre) of 2 cm were placed along the mid-dorsal line of the right leg, \~5 cm below the insertion of the two heads of the gastrocnemii on the Achilles tendon for the SOL measurements. Gastrocnemius medialis (GM) recording electrodes were fixed lengthwise over the middle of the muscle belly. The GM was chosen rather than the gastrocnemius lateralis because its behaviour through experimental conditions was reported to be similar to the gastrocnemius lateralis \[[@pone.0195220.ref003],[@pone.0195220.ref030],[@pone.0195220.ref031]\] and neuromuscular measurements are more reliable on this muscle \[[@pone.0195220.ref017]\]. The reference electrodes were placed on the patella of the left leg. The placement of the electrodes was marked on the skin with an indelible pen to ensure that the same recording site was used in the subsequent experimental sessions (i.e., during the six weeks). The EMG signal was amplified using a bandwidth frequency ranging from 5 Hz to 1 kHz (gain = 500), sampled at 2 kHz using the Biopac acquisition system (MP35, BIOPAC, Goleta, USA) and stored with commercially available software (BIOPAC student Lab Pro, Biopac Systems Inc., Goleta, USA) for off-line analysis.

### Electrical stimulation {#sec012}

The SOL and GM electrophysiological responses, the H reflex and M wave, were evoked by percutaneous stimulation of the posterior tibial nerve with a single rectangular pulse (1 ms) and a high voltage (400 V), which was automatically delivered by a Digitimer stimulator (Model DS7-AH, Hertfordshire, UK). The self-adhesive cathode (1 cm diameter, Ag-AgCl) was placed in the popliteal fossa and the anode (5 x 10 cm, Medicompex SA, Ecublens, Switzerland) on the anterior surface of the knee. At the beginning of each experimental session, the optimum cathode position, namely the site where the greatest H reflex amplitude in the SOL was evoked for a stimulation intensity of 30 mA, was located with a hand-held cathode ball (0.5 cm diameter). Once the position was determined, the cathode electrode was fixed to this site using tape for reducing the pain experienced during electrical stimulation \[[@pone.0195220.ref032]\]. The recordings of the H reflex and M wave recruitment curves were then started from the SOL H reflex threshold. The stimulation intensity was increased in 2 mA increments until the M~max~ was obtained ([Fig 1B, 1C and 1D](#pone.0195220.g001){ref-type="fig"}). Four stimuli were delivered at each intensity because this number of stimuli is optimal to obtain high H reflex reliability \[[@pone.0195220.ref033],[@pone.0195220.ref034]\]. Stimuli were interspaced by a 10 s interval to avoid the confounding effect of homosynaptic post-activation depression \[[@pone.0195220.ref035]\]. The maximal intensity of the stimulation (i.e., intensity which recruited all PF motor units) was reached when the amplitude of the twitch force and the peak-to-peak amplitude of the SOL and GM M wave plateaued. Once the optimal intensity was found, 120% of this intensity was used in the application of single and paired stimuli during and after the MVC efforts.

Data analysis {#sec013}
-------------

### H reflex and M wave recruitment curves {#sec014}

For the SOL and GM, the peak-to-peak amplitude of the H~max~, the M~at-Hmax~ (i.e., the M wave recorded with the H~max~) and the M~max~ ([Fig 1C and 1D](#pone.0195220.g001){ref-type="fig"}) were calculated as the mean over the four recordings in each experimental condition. The H~max~/M~max~ was calculated to assess the proportion of motor units that were activated by the Ia afferents and potential changes in the balance between excitation and inhibition at the spinal level \[[@pone.0195220.ref029],[@pone.0195220.ref036]--[@pone.0195220.ref038]\]. To control that the same proportion of α-motoneurons was activated by the electrical stimulation in each experimental session, the M~at-Hmax~/M~max~ ratio was compared \[[@pone.0195220.ref003]\]. Twitch peak torque was measured from the twitch associated with the M~max~ stimulation (4 recordings for each recruitment curve). Then, a mean of the 4 twitch peak torques was considered for further analysis.

### Maximal voluntary contraction {#sec015}

The MVC was considered as the highest peak torque value measured over two trials. The potentiated doublet peak torque was evoked using electrical paired stimuli 3 s after the end of the MVC ([Fig 1E](#pone.0195220.g001){ref-type="fig"}) \[[@pone.0195220.ref039]\]. The maximal VAL was quantified by measuring the superimposed torque response to nerve stimulation during the MVC effort \[[@pone.0195220.ref040],[@pone.0195220.ref041]\]. The VAL was estimated according to the following formula, including the Strojnik and Komi \[[@pone.0195220.ref042]\] correction: $$VAL = \left( 1 - \frac{superimposed\ doublet\ x\ \frac{{Torque}_{at\ stimulation}}{MVC\ torque}}{Potentiated\ doublet} \right)x100$$

The maximal EMG (EMG~max~) for the MVC of the SOL and GM was quantified as the root mean square value over a 0.5 s interval around the peak MVC torque ([Fig 1E](#pone.0195220.g001){ref-type="fig"}). The EMG~max~ values were then normalized to the respective M wave amplitude for the respective muscles to obtain the EMG~max~/M~max~ ratio \[[@pone.0195220.ref002]\].

Statistical analysis {#sec016}
--------------------

The statistical analyses were performed using Statistica 10 (Statsoft, Tulsa, OK, USA). A significance level of *P*\<0.05 was used for all analyses. All data are presented as the means ± standard deviation (SD). Three-factor ANOVAs with repeated measures \[time (T0, H+1 and D+7) x muscle (SOL and GM) x knee angle (90°, 30° and 0°)\] were performed for the H~max~, M~max~, H~max~/M~max~, M~at-Hmax~/M~max~, and EMG~max~/M~max~. Two-factor ANOVAs \[time (T0, H+1 and D+7) x knee angle (90°, 30° and 0°)\] were performed for the MVC torque, potentiated doublet torque, twitch torque and VAL. The effect size for each ANOVA was also calculated as partial eta square ($\eta_{p}^{2}$). When a main effect or a significant interaction was found, a post-hoc analysis was made using Tukey's test. Relative reliability is the degree to which individuals maintain their position in a sample with repeated measurements; and absolute reliability is the degree to which repeated measurements vary for individuals \[[@pone.0195220.ref043]\]. Indices of relative reliability, the intraclass correlation coefficient (ICC), and absolute reliability, the coefficient of variation (CV) and the standard error of measurement (SEM), were calculated to assess the intra-session (T0 vs. H+1 measurements) and inter-session (T0 vs. D+7 measurements) reliability of the neuromuscular assessment-related variables. The ICC (3,1) was chosen from Shrout and Fleiss (1979) \[[@pone.0195220.ref044],[@pone.0195220.ref045]\]. We denoted ICC values \< 0.4 as poor, 0.4--0.59 as fair, 0.60--0.74 as good, and \> 0.75 as excellent \[[@pone.0195220.ref046]--[@pone.0195220.ref048]\]. The CV was defined as (*s*/mean) ∙ 100, where *s* is the standard deviation and mean is the mean of the change scores of the measure \[[@pone.0195220.ref043]\]. The SEM was calculated as the SD of the differences between the two measurements divided by the square root of the number of measurements (${SD}/\sqrt{2}$).

Results {#sec017}
=======

Effect of the knee angle on the neuromuscular assessment {#sec018}
--------------------------------------------------------

The electrophysiological and mechanical data are presented in Tables [1](#pone.0195220.t001){ref-type="table"} and [2](#pone.0195220.t002){ref-type="table"}, respectively.

10.1371/journal.pone.0195220.t001

###### Intra- and inter-session reliability of electrophysiological measurements through three knee angles.

![](pone.0195220.t001){#pone.0195220.t001g}

                                                          90° of knee angle                 30° of knee angle   0° of knee angle                                                                                                                                 
  ----------- ------------------------------------------- --------------------------------- ------------------- ------------------ --------- ---------------------------- --------- ------------- --------- ---------------------------- --------- ------------- ---------
                                                          ***Intra-session (T0 vs H+1)***                                                                                                                                                                        
                                                          **Mean (SD)**                     **ICC**             **CV (SD)**        **SEM**   **Mean (SD)**                **ICC**   **CV (SD)**   **SEM**   **Mean (SD)**                **ICC**   **CV (SD)**   **SEM**
  ***SOL***   **H**~**max**~ **(mV)**                     5.8 (3.0) vs 7.1 (3.8)            0.84                16.3 (15.0)        1.49      6.0 (2.9) vs 7.4 (4.0)       0.80      20.3 (20.5)   1.66      6.2 (4.2) vs 6.9 (5.1)       0.89      19.1 (17.7)   1.75
              **M**~**max**~ **(mV)**                     12.4 (3.2) vs 13.7 (3.7)          0.98                6.9 (3.7)          0.54      13.2 (4.8) vs 14.3 (4.8)     0.98      7.2 (8.0)     0.82      13.4 (6.3) vs 14.2 (6.4)     0.99      6.5 (6.8)     0.73
              **H**~**max**~**/M**~**max**~ **(%)**       47.4 (23.4) vs 51.5 (23.6)        0.91                12.2 (11.5)        7.83      47.0 (22.8) vs 50.5 (21.0)   0.77      18.4 (17.4)   11.31     44.9 (18.3) vs 48.8 (24.9)   0.87      16.6 (16.2)   8.69
              **M**~**at-Hmax**~**/M**~**max**~ **(%)**   12.6 (9.0) vs 17.9 (17.7)         0.46                48.4 (34.5)        10.72     11.8 (9.9) vs 11.8 (7.3)     0.15      26.4 (29.1)   8.05      7.9 (6.4) vs 11.8 (7.3)      0.34      51.9 (30.3)   5.68
              **EMG**~**max**~**/M**~**max**~             3.1 (1.4) vs 3.5 (1.4)            0.69                15.7 (16.4)        0.85      2.9 (1.1) vs 3.6 (1.5)       0.61      24.7 (10.3)   0.88      3.4 (1.6) vs 2.8 (1.3)       0.85      15.8 (14.9)   0.61
                                                          ***Inter-session (T0 vs D+7)***                                                                                                                                                                        
              **H**~**max**~ **(mV)**                     5.8 (3.0) vs 5.4 (2.8)            0.91                15.6 (7.4)         0.98      6.0 (2.9) vs 5.6 (4.5)       0.57      30.8 (27.2)   2.61      6.2 (4.2) vs 6.2 (3.7)       0.87      21.0 (13.5)   1.53
              **M**~**max**~ **(mV)**                     12.4 (3.2) vs 11.6 (4.3)          0.84                13.7 (8.8)         1.64      13.2 (4.8) vs 12.0 (3.8)     0.89      12.0 (7.3)    1.57      13.4 (6.3) vs 13.6 (5.0)     0.94      9.79 (6.93)   1.57
              **H**~**max**~**/M**~**max**~ **(%)**       47.4 (23.4) vs 47.9 (23.6)        0.94                11.0 (8.8)         6.36      47.0 (22.8) vs 45.1 (27.9)   0.71      27.3 (27.4)   14.68     44.9 (18.3) vs 44.7 (20.2)   0.88      15.7 (14.6)   7.45
              **M**~**at-Hmax**~**/M**~**max**~ **(%)**   12.6 (9.0) vs 13.8 (12.0)         0.91                22.0 (12.3)        3.51      11.8 (9.9) vs 17.5 (10.4)    0.32      41.1 (30.6)   8.53      7.9 (6.4) vs 13.8 (13.1)     0.45      46.6 (33.9)   7.87
              **EMG**~**max**~**/M**~**max**~             3.1 (1.4) vs 3.2 (1.5)            0.53                19.6 (20.1)        1.04      2.9 (1.1) vs 3.0 (1.4)       0.62      21.3 (11.9)   0.82      3.4 (1.6) vs 3.8 (2.7)       0.51      25.0 (16.8)   1.62
                                                          ***Intra-session (T0 vs H+1)***                                                                                                                                                                        
  ***GM***    **H**~**max**~ **(mV)**                     2.2 (1.5) vs 2.6 (1.6)            0.94                17.1 (14.2)        0.43      1.5 (0.8) vs 1.6 (0.7)       0.63      21.2 (15.9)   0.46      1.4 (0.9) vs 1.4 (1.0)       0.88      24.5 (15.6)   0.38
              **M**~**max**~ **(mV)**                     7.4 (3.5) vs 7.7 (3.6)            0.94                10.6 (10.6)        0.95      7.5 (3.2) vs 7.7 (2.9)       0.91      9.9 (8.9)     1.02      10.7 (3.9) vs 9.9 (3.7)      0.95      9.3 (11.6)    0.98
              **H**~**max**~**/M**~**max**~ **(%)**       31.7 (23.0) vs 35.7 (22.2)        0.94                15.0 (12.7)        5.95      23.4 (17.1) vs 22.8 (13.2)   0.81      20.6 (12.9)   7.24      13.0 (7.2) vs 13.7 (7.1)     0.67      26.9 (19.6)   4.32
              **M**~**at-Hmax**~**/M**~**max**~ **(%)**   69.0 (38.7) vs 58.9 (38.6)        0.86                32.0 (42.1)        15.73     59.9 (40.6) vs 55.8 (39.6)   0.95      20.9 (18.4)   10.37     44.7 (30.8) vs 58.8 (36.2)   0.52      38 (41.5)     24.23
              **EMG**~**max**~**/M**~**max**~             2.5 (1.4) vs 3.6 (2.6)            0.47                27.9 (27.9)        1.59      4.9 (3.0) vs 4.2 (1.7)       0.73      16.7 (14.3)   1.34      4.0 (1.8) vs 3.6 (1.9)       0.98      10.4 (6)      0.32
                                                          ***Inter-session (T0 vs D+7)***                                                                                                                                                                        
              **H**~**max**~ **(mV)**                     2.2 (1.5) vs 2.0 (1.1)            0.90                16.2 (10.4)        0.48      1.5 (0.8) vs 1.3 (0.7)       0.90      19.7 (23.9)   0.25      1.4 (0.9) vs 1.3 (0.7)       0.40      34.9 (19.5)   0.66
              **M**~**max**~ **(mV)**                     7.4 (3.5) vs 7.8 (4.5)            0.87                15.4 (12.4)        1.56      7.5 (3.2) vs 8.0 (3.4)       0.90      12.2 (8.0)    1.16      10.7 (3.9) vs 11.0 (4.1)     0.94      8.0 (6.7)     1.08
              **H**~**max**~**/M**~**max**~ **(%)**       31.7 (22.9) vs 29.3 (17.7)        0.82                20.2 (11.7)        9.53      23.4 (17.1) vs 18.6 (14.6)   0.93      28.9 (24.2)   4.68      13.0 (7.2) vs 12.7 (7.4)     0.33      35.9 (21.1)   6.08
              **M**~**at-Hmax**~**/M**~**max**~ **(%)**   69.0 (38.7) vs 60.3 (35.5)        0.45                45.6 (43.2)        28.4      59.9 (40.6) vs 66.0 (35.6)   0.23      50.5 (39)     34.06     44.7 (30.8) vs 46.7 (32.4)   0.40      61.2 (47.3)   25.25
              **EMG**~**max**~**/M**~**max**~             2.5 (1.4) vs 2.8 (1.5)            0.43                27.3 (22.9)        1.12      4.9 (3.0) vs 4.1 (2.2)       0.91      16.2 (8.8)    0.87      4.0 (1.8) vs 4.0 (1.5)       0.02      23.4 (22.2)   1.65

SOL: soleus; GM: gastrocnemius medialis; H~max~: maximal Hoffmann reflex; M~max~: maximal motor potential; M~at-Hmax~: motor potential recorded with the H~max~; EMG~max~: EMG activity during the MVC; SD: standard deviation; ICC: interclass correlation coefficient; CV: coefficient of variation; SEM: standard error of measurement.

10.1371/journal.pone.0195220.t002

###### Intra- and inter-session reliability of mechanical measurements through three knee angles.

![](pone.0195220.t002){#pone.0195220.t002g}

                             90° of knee angle                 30° of knee angle   0° of knee angle                                                                                                                                     
  -------------------------- --------------------------------- ------------------- ------------------ --------- ------------------------------ --------- ------------- --------- ------------------------------ --------- ------------- ---------
                             ***Intra-session (T0 vs H+1)***                                                                                                                                                                            
                             **Mean (SD)**                     **ICC**             **CV (SD)**        **SEM**   **Mean (SD)**                  **ICC**   **CV (SD)**   **SEM**   **Mean (SD)**                  **ICC**   **CV (SD)**   **SEM**
  **MVC torque (N.m)**       85.2 (30.4) vs 92.0 (29.7)        0.97                7.9 (6.4)          6.10      136.4 (37.7) vs 142.4 (42.4)   0.93      5.9 (5.6)     11.97     140.7 (45.4) vs 142.1 (43.6)   0.96      7.2 (5.4)     10.22
  **Twitch torque (N.m)**    15.4 (4.4) vs 15.5 (4.6)          0.98                3.7 (2.0)          0.79      20.8 (4.5) vs 20.7 (5.4)       0.92      5.3 (4.0)     1.59      22.8 (5.6) vs 23.0 (5.9)       0.96      4.0 (3.4)     1.23
  **Doublet torque (N.m)**   27.4 (7.1) vs 27.5 (7.7)          0.94                5.5 (4.0)          1.99      37.5 (8.8) vs 36.5 (10.1)      0.98      3.9 (3.5)     1.52      40.3 (8.6) vs 40.5 (8.8)       0.97      2.7 (2.8)     1.63
  **VAL (%)**                82.5 (12.2) vs 85.2 (11.4)        0.83                4.4 (3.5)          5.29      88.8 (12.1) vs 92.1 (9.7)      0.21      7.9 (11.6)    9.82      90.0 (13.9) vs 90.1 (11.3)     0.84      6.0 (5.32)    5.63
                             ***Inter-session (T0 vs D+7)***                                                                                                                                                                            
  **MVC torque (N.m)**       85.2 (30.4) vs 88.9 (34.6)        0.88                11.8 (10.2)        12.23     136.4 (37.7) vs 134.4 (42.0)   0.82      10.9 (11.7)   18.65     140.7 (45.4) vs 151.6 (57.6)   0.77      16.7 (11.5)   26.69
  **Twitch torque (N.m)**    15.4 (4.4) vs 14.8 (3.6)          0.90                6.5 (6.4)          1.40      20.8 (4.5) vs 20.4 (4.5)       0.80      8.2 (5.3)     2.17      22.8 (5.6) vs 22.7 (4.9)       0.91      5.7 (4.4)     1.72
  **Doublet torque (N.m)**   27.4 (7.1) vs 27.2 (7.2)          0.87                7.3 (6.3)          2.81      37.5 (8.8) vs 37.7 (8.0)       0.93      4.9 (3.5)     2.47      40.3 (8.6) vs 42.2 (10.2)      0.85      7.9 (5.6)     3.95
  **VAL (%)**                82.5 (12.7) vs 82.9 (14.9)        0.38                9.6 (10.8)         11.02     88.8 (12.1) vs 84.9 (18.2)     0.74      8.2 (10.5)    8.43      90.0 (13.9) vs 89.4 (13.9)     0.35      6.0 (6.7)     11.43

MVC: maximal voluntary contraction; VAL: voluntary activation level; SD: standard deviation; ICC: interclass correlation coefficient; CV: coefficient of variation; SEM: standard error of measurement.

### Electrophysiological measurements {#sec019}

A significant interaction between muscle and time was found for the H~max~ (*F*~*(2*,*22)*~ = 5.7; *P*\<0.01; $\eta_{p}^{2}$ = 0.34); however, no angle effect (*F*~*(2*,*22)*~ = 0.4; *P* = 0.70; $\eta_{p}^{2}$ = 0.03) was observed. The SOL H~max~ was significantly (*P*\<0.01) higher at H+1 compared with T0 and D+7, whereas no difference was observed for the GM H~max~. The SOL H~max~ was significantly (*P*\<0.001) higher than the GM H~max~ at each of the three time points of measurement.

A significant effect of angle (*F*~*(2*,*22)*~ = 6.4; *P*\<0.01; $\eta_{p}^{2}$ = 0.37) and an interaction between muscle and time were found for the M~max~ (*F*~*(2*,*22)*~ = 18.7; *P*\<0.001; $\eta_{p}^{2}$ = 0.63). The M~max~ was significantly (*P*\<0.01) lower for the 90° and 30° knee angle compared with 0°. The SOL M~max~ was significantly (*P*\<0.01) higher at H+1 compared with T0 and D+7, whereas no difference was observed for the GM M~max~. The SOL M~max~ was significantly (*P*\<0.01) higher than the GM M~max~ at each of the three time points of measurement.

A significant interaction between muscle and angle was found for the H~max~/M~max~ (*F*~*(2*,*22)*~ = 10.8; *P*\<0.001; $\eta_{p}^{2}$ = 0.50). No change in the H~max~/M~max~ was observed for the SOL. For the GM it was significantly (*P*\<0.05) higher for the 90° knee angle compared with 30° and 0°, while it was higher for 30° than 0° ([Fig 2](#pone.0195220.g002){ref-type="fig"}). Only a main effect of muscle (*F*~*(1*,*11)*~ = 49.8; *P*\<0.001; $\eta_{p}^{2}$ = 0.82) was found for the M~at-Hmax~/M~max~, revealing that the SOL M~at-Hmax~/M~max~ (13.2 ± 10.8%) was significantly (*P*\<0.001) lower than the GM M~at-Hmax~/M~max~ (57.8 ± 36.0%).

![Effect of the knee angle on the soleus (SOL, *continuous lines)* and gastrocnemius medialis (GM, *dotted lines)* H~max~/M~max~.\
ns: no statistical difference. \* *P*\<0.05, \*\* *P*\<0.01.](pone.0195220.g002){#pone.0195220.g002}

A significant muscle x knee angle interaction (*F*~*(2*,*22)*~ = 10.8; *P*\<0.05; $\eta_{p}^{2}$ = 0.20) was found for the EMG~max~/M~max~. Although no effect of the knee angle was observed for the SOL, the EMG~max~/M~max~ of the GM was significantly (*P*\<0.01) lower for the 90° knee angle compared with 30° and 0°.

### Mechanical measurements {#sec020}

Only a main effect of angle was found for the MVC torque (*F*~*(2*,*22)*~ = 26.0; *P*\<0.001; $\eta_{p}^{2}$ = 0.70), twitch torque (*F*~*(2*,*22)*~ = 54.0; *P*\<0.001; $\eta_{p}^{2}$ = 0.83) and the potentiated doublet torque (*F*~*(2*,*22)*~ = 54.1; *P*\<0.001; $\eta_{p}^{2}$ = 0.83). The MVC torque for the 90° knee angle was significantly (*P*\<0.001) lower than that for 30° and 0°. The twitch torque and potentiated doublet torque were significantly (*P*\<0.05) lower for the 90° knee angle compared with 30° and 0°, and lower for 30° than that for 0°. No significant difference was observed for the VAL through the three knee angles and time points.

Reliability of neuromuscular assessment {#sec021}
---------------------------------------

The reliability of electrophysiological and mechanical data is presented in Tables [1](#pone.0195220.t001){ref-type="table"} and [2](#pone.0195220.t002){ref-type="table"}, respectively.

### Electrophysiological measurements {#sec022}

The intra- and inter-session reliability of the M~max~ was excellent regardless of the muscle and the knee angle considered. The intra-session reliability of the SOL and the GM H~max~ was good-to-excellent for the three knee angles. The inter-session reliability was better for the 0° and 90° knee angles compared with 30° for the SOL. For the GM, the inter-session reliability was excellent for the 90° and 30° knee angle, but poor for 0°.

The intra-session reliability of the SOL H~max~/M~max~ was good-to-excellent for the three knee angles. The inter-session reliability of the SOL H~max~/M~max~ was excellent for the 90° and 0° knee angles and only good for the 30° knee angle.

The intra-session reliability of the GM H~max~/M~max~ was good-to-excellent with a high CV for the three knee angles. The inter-session reliability of the GM H~max~/M~max~ was excellent for the 90° and 30° knee angles, while the CV were high, and poor for the 0° knee angle.

The intra-session reliability of the SOL and GM H~max~/M~max~ was good-to-excellent for the three knee angles. The inter-session reliability of the SOL and GM was good-to-excellent for all the knee angles, except at the 0° knee angle for the GM where the reliability was poor.

The intra-session reliability of the SOL M~at-Hmax~/M~max~ was fair or poor for all the knee angles. The inter-session reliability of the SOL M~at-Hmax~/M~max~ was better for the 90° knee angle compared with 30° and 0°. The intra-session reliability of the GM M~at-Hmax~/M~max~ was better for the 90° and 30° knee angles compared with 0°. The inter-session reliability ot the GM M~at-Hmax~/M~max~ was fair or poor for all the knee angles.

The intra-session reliability of the SOL EMG~max~/M~max~ was good-to-excellent for all the knee angles, but the CV were relatively high. The inter-session reliability was fair for the 90° and 0° knee angles and good for the 30° knee angle, but the CV was high. For the GM, the intra-session reliability of the EMG~max~/M~max~ was worst for the 90° knee angle compared with 30° and 0°. The inter-session reliability was better for the 30° knee angle than that for 90° and 0°.

### Mechanical measurements {#sec023}

The intra- and inter-session reliability of the MVC torque, twitch torque and potentiated doublet torque was excellent regardless of the knee angle considered.

The intra-session reliability of the VAL was better for the 90° and 0° knee angles compared with 30°. The inter-session reliability of the VAL reliability was better for the 30° knee angle than that for 0° and 90°. However, for the intra- and inter-session reliability, all the CV of the VAL were low regardless of the knee angle considered, which showed low intra-subject variability.

Discussion {#sec024}
==========

This study was the first to examine the effect of knee angle on the reliability of the PF neuromuscular assessment. The main findings of this investigation were that: i) the M~max~, H~max~/M~max~, MVC, twitch and doublet torque were the most reliable measurements; and ii) the reliability of electrophysiological measurements seems to be better for the 90° knee angle than that for 0° and 30°.

Effect of the knee angle on the neuromuscular assessments {#sec025}
---------------------------------------------------------

The present study demonstrated that the knee angle influences mechanical and electrophysiological measurements of PF muscles. A decrease in the PF MVC torque was observed for the 90° knee angle compared to 0°. These results are in agreement with previous findings showing a decrease in force generated by PF muscles with knee flexion \[[@pone.0195220.ref018],[@pone.0195220.ref049]\]. The similar decrease in PF twitch torque and potentiated doublet torque with decreasing knee angle was found. This confirmed, as suggested by Cresswell et al. (1995) \[[@pone.0195220.ref018]\], that the decrease in the MVC torque observed with decreasing knee angle was, in part, a result of changes in the contractile behaviour of the GM and/or neuromuscular transmission-propagation. Based on the crossed-bridge theory \[[@pone.0195220.ref050]\], the GM sarcomere length would be more optimal at 90° knee angle than at 0° to enable cross-bridge interactions between myosin and actin filaments. The PF VAL was not affected by changes in the knee angle, which suggests that the ability of the central nervous system to recruit a maximum of motor units remains constant regardless of the knee angle considered \[[@pone.0195220.ref024]\]. The present results reported however, in agreement with previous observations \[[@pone.0195220.ref051]\], an altered neural drive (EMG~max~/M~max~) of the GM when the leg was the most flexed (i.e. 90° vs 30° and 0° knee angle). This result indicated therefore that a reduced neural drive for the gastrocnemii can be in part involved in the decrease in the maximal force production of the PF muscles with knee flexion.

Concerning the electrophysiological responses, the results showed a lack of change in M~at-Hmax~/M~max~ revealing that the same proportion of α-motoneurons was activated by the electrical stimulus in each condition \[[@pone.0195220.ref003],[@pone.0195220.ref028],[@pone.0195220.ref052]\]. It can be therefore considered that the H~max~/M~max~ of each PF muscles were comparable though the three knee angles. GM H~max~/M~max~ were lower at the 0° (extended leg) knee angle compared to 90° (flexed leg). Leg extension increases the muscle length of the GM \[[@pone.0195220.ref020],[@pone.0195220.ref053]\], which facilitates presynaptic inhibition and leads to reduced efficacy of the spinal transmission from Ia afferents to α-motoneurons \[[@pone.0195220.ref019],[@pone.0195220.ref054],[@pone.0195220.ref055]\]. In contrast, no variation was observed for the SOL H~max~/M~max~ with knee extension. This finding was different compared to the work of Ushiyama et al. (2010) \[[@pone.0195220.ref020]\] in which a decrease in the SOL H~max~/M~max~ with increasing knee extension was observed. In agreement with previous findings \[[@pone.0195220.ref018]\], a lower GM M~max~ was observed at 90° compared to 0°. Cresswell et al. (1995) \[[@pone.0195220.ref018]\] suggested that, in the shortened position, the diameter of each muscle fibre increases, which would reduce the number of muscle fibres in the recording volume of the electrodes.

Angle effect on the reliability of the electrophysiological assessments {#sec026}
-----------------------------------------------------------------------

Stutzig and Siebert (2016) already investigated the reliability of PF electrophysiological measurements over a period of 2 weeks \[[@pone.0195220.ref017]\]. They observed, at a fixed knee (100°) and ankle (90°) angle, that SOL measurements were more reproducible than the GM measurements and conclude, nevertheless, that SOL and GM may be selected for longitudinal studies of the adaptations of the triceps surae. Chen et al. (2010) showed that the reliability of SOL electrophysiological measurements was affected by changes in ankle angle \[[@pone.0195220.ref012]\], suggesting that muscle length may influence the reproducibility. Because changes in knee angle affect muscle length for the GM but not for the SOL, we have proposed to assess the reliability of GM and SOL electrophysiological measurements through various knee angles. In addition, Chen et al. (2010) \[[@pone.0195220.ref012]\] and Stutzig and Siebert (2016) \[[@pone.0195220.ref017]\] did not evaluate the intra-session reliability of their measurements that would provide outcomes about the variability of neuromuscular measurements within an experimental session. Therefore, this study also aimed to assess the intra-session reliability of PF neuromuscular measurements. The results showed that the intra- and inter-session reliability of the M~max~ was excellent regardless of the muscle and knee angle considered. Previous investigations have reported excellent reliability of the SOL M~max~ \[[@pone.0195220.ref012],[@pone.0195220.ref013],[@pone.0195220.ref017],[@pone.0195220.ref056]\] and GM M~max~ \[[@pone.0195220.ref017]\] regardless of the knee position considered.

It is well known that the H reflex is a neurological response that has high variability \[[@pone.0195220.ref057]\]. In line with these findings, our results showed that the H~max~ was less reliable than the M~max~. Although the intra- and inter-session ICC were relatively satisfactory for the H~max~ SOL and GM, it should be noted that the CV were particularly high (i.e., from 15.6% to 34.9%), which indicated an important variability of H reflex measurements regardless of the knee angle considered.

Furthermore, the SOL H~max~ and M~max~ were significantly higher at H+1 compared with T0 and D+7, whereas no difference was observed for the GM H~max~ and M~max~. These measures are likely to vary significantly over the period of an experiment \[[@pone.0195220.ref058]--[@pone.0195220.ref060]\]. However, when the H~max~ was normalized to the corresponding M~max~ (i.e., H~max~/M~max~), no significant difference between the sessions were found \[[@pone.0195220.ref058]\].

The intra- and inter-session ICC of the H~max~/M~max~ was good-to-excellent for both muscles, except for the inter-session ICC of the GM muscle for the 30° knee angle. However, the CV was relatively high for the SOL (i.e., from 11.0% to 27.3%), and for the GM (i.e., from 25.0 to 35.9%). The high variability of the H~max~/M~max~ during or between experimental sessions appears to be the result of greater variability of the H~max~, as mentioned above. Moreover, our results reported changes in reliability of the GM H~max~/M~max~ related to the knee angle considered. Excellent reliability of the GM H~max~/M~max~ was observed for the 90° and 30° knee angle compared to 0° (good intra-session, poor inter-session). Chen et al. (2010) \[[@pone.0195220.ref012]\] also observed a change in the reliability of the H reflex with respect to the ankle angle considered for the SOL. The authors reported higher reliability of the SOL H~max~/M~max~ when the PF muscles were in the shortened position (ICC = 0.96) than when they were stretched (ICC = 0.75). Although the mechanisms responsible for this change in H~max~/M~max~ reliability due to the muscle length is not known, a few authors have observed an increase in inhibitory pathways when muscles are stretched \[[@pone.0195220.ref054],[@pone.0195220.ref061]\]. This may imply greater variability in synaptic transmission, which could reduce the reliability. Our results are consistent with the hypothesis proposed by Chen et al. (2010) \[[@pone.0195220.ref012]\] for the GM muscle, namely that knee extension is not only associated with an increase in inhibitory pathways (-59% reduction of the H~max~/M~max~ between 90° and 0°, *P*\<0.01) but also a decrease in reliability (ICC~GM90°~ = 0.94 *vs*. ICC~GM0°~ = 0.67 in intra-session; ICC~GM90°~ = 0.82 *vs*. ICC~GM0°~ = 0.33 in inter-session). In contrast, the reliability of the SOL H~max~/M~max~ was not modified by changes in the knee angle. The SOL is a mono-articular muscle that only crosses the ankle, whereas the GM crosses both the knee and ankle joints and is pluriarticular. Changes in the knee angle do not modify the biomechanical configuration of the SOL. Therefore, the variability in synaptic transmission for the SOL should remain constant while the knee angle is modified, which explains the stability of the SOL H~max~/M~max~ reliability.

The reliability of the SOL and GM EMG~max~/M~max~ was modified by changes in the knee angle and between time sessions. The intra-session reliability of the SOL and GM EMG~max~/M~max~ was good-to-excellent for all the knee angles, except for the GM at 90° (poor). The inter-session reliability was better for the 30° knee angle (good-to-excellent) than that for 0° (poor-to-fair) and 90° (fair). The variability of these measures is very important (15.7\<CV\<27.9%), except for the intra-session reliability at 0° for both muscles (10.4\<CV\<15.8%). Overall, this parameter may be considered relatively unreliable, as previously suggested \[[@pone.0195220.ref062]\].

Angle effect on the reliability of the mechanical assessments {#sec027}
-------------------------------------------------------------

The intra- and inter-session reliability of the MVC, twitch and doublet torque was excellent (ICC \> 0.77) regardless of the knee angle considered. In addition, the results did not reveal a time effect. Similar results have been found by Chen et al. (2010) \[[@pone.0195220.ref012]\] with a week apart (MVC, ICC = 0.96 with the ankle at 0°), Stutzig et al. (2016) \[[@pone.0195220.ref017]\] with two weeks apart (MVC, ICC = 0.92; twitch torque, ICC = 0.79) and Clark et al. (2007) with four weeks apart (MVC, ICC = 0.97; twitch torque, ICC = 0.8; potentiated doublet torque, ICC = 0.79), which suggests high reliability of these measurements over time regardless of the knee angle considered. The results showed that the intra-session reliability of the VAL was better for the 90° (excellent) and 0° (excellent) knee angles compared with 30° (poor). The inter-session reliability of the VAL was better for the 30° knee angle (good) than that for 0° (poor) and 90° (poor). Several authors have shown that the magnitude of the ICC tends to decrease when the between-subjects variability is low in the data \[[@pone.0195220.ref016],[@pone.0195220.ref045]\]. Therefore, the observed low levels of variability between the subjects may be implicated in the poor intra-session reliability found for the 30° knee angle and inter-session reliability for the 0° and 90° knee angles. Moreover, the intra-session (4.4\<CV\<7.9%) and inter-session (6.0\<CV\<9.6%) variability of the VAL was low regardless of the knee angle considered. These results are consistent with those of Clark et al. (2007) \[[@pone.0195220.ref011]\], Todd et al. (2004) \[[@pone.0195220.ref010]\] and Stutzig et al. (2016) \[[@pone.0195220.ref017]\], who reported low CV values for the PF VAL. Our results demonstrated that the twitch interpolation technique is a reliable method to assess the VAL of PF muscles over a period of one week regardless of the knee angle considered.

Practical applications {#sec028}
----------------------

Overall, our results revealed good intra- and inter-session reliability of the mechanical assessments. With the ICC above 0.70 (excellent reliability) for each tested knee angle, the MVC, twitch and potentiated doublet torque (i.e. mechanical data) represented the most reliable parameters. The findings showed that the mechanical parameters of PF could be assessed and compared through an experimental session and between sessions regardless of the knee angle considered. Concerning the electrophysiological assessments, the M~max~ and H~max~/M~max~ were highly reliable. To optimize the neuromuscular assessments of PF muscles in young healthy participants, we recommend placing the participants at a 90° knee angle for longitudinal or interventional studies (follow-up measurements). It should be acknowledged that researchers and clinicians should take in account the results of the present study in their outcomes. Indeed, their results can be explained by biological mechanisms, only when the observed changes are greater than the variation of the measurements, i.e. coefficient of variations, observed in the present study.

Conclusion {#sec029}
==========

To date, the effect of the knee angle on the reliability of neuromuscular assessments of PF muscles was unknown. Our findings demonstrated that changes in the knee angle can influence the reliability of neuromuscular assessments, which reveals the importance of considering this parameter in future studies to collect reliable outcomes.
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